Quasifree eta photoproduction from nuclei and medium 
modifications of resonances 

B.I.S. van der Ventel/fl L. J. Abu-Raddad, 2 ' 3 and G.C. Hillhouse 1 ' 2 

1 Department of Physics, University of Stellenbosch, Stellenbosch 7600, South Africa 
2 Research Center for Nuclear Physics, Osaka University, 
10-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan 
3 Department of Infectious Disease Epidemiology, 
Imperial College Faculty of Medicine, St Mary's Campus, 
Norfolk Place, London W2 IPG, United Kingdom 
(Dated: February 8, 2008) 



1 



Abstract 

This article establishes the case that the process of quasifree r\ photoproduction from nuclei is 
a prized tool to study medium modifications and changes to the elementary process jN — ► r]N in 
the nuclear medium. We investigate the sensitivity of the differential cross section, recoil nucleon 
polarization and the photon asymmetry to changes in the elementary amplitude, medium modifi- 
cations of the resonance (Su,Di3) masses, as well as nuclear target effects. All calculations are 
performed within a relativistic plane wave impulse approximation formalism resulting in analyti- 
cal expressions for all observables. Our results indicate that polarization observables are largely 
insensitive to nuclear target effects. Depending on the type of coupling, the spin observables do 
display a sensitivity to the magnitude of the tjNN coupling constant. The polarization observ- 
ables are identified to be the prime candidates to investigate the background processes and their 
medium modifications in the elementary process such as the D\% resonance. Moreover, as a conse- 
quence of the large dominance in the differential cross section of the S\\ resonance, the quasifree 
differential cross section provides an exceptional instrument to study medium modifications to the 
Six resonance in such a manner that helps to distinguish between various models that attempt to 
understand the Su resonance and its distinctive position as the lowest lying negative parity state 
in the baryon spectrum. 

PACS numbers: 25.20.-x,25.20.Lj,13.60.Le,14.40.Aq,24.10.Jv 
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I. INTRODUCTION 



The 77 electro- and photoproduction processes continue to enjoy significant investigations 
from a variety of approaches. This interest stems from the fact that rj processes form a gate 
to understand several fundamental puzzling issues in nuclear and particle physics today such 
as measuring the ss quark content in the nucleon Q|. While the 77 photoproduction process 
is only one of many meson photoproduction processes from nuclei, the characteristic reactive 
content of this process near threshold provides it with a distinguished role among other meson 
photoproduction processes. Part of the reason is that the interaction is dominated cleanly 
by only one resonance near threshold. This is the 5 , n(1535) resonance with its peculiar 
status as the lowest lying negative parity resonance in the baryon spectrum. Favorably, 
the theoretical interest has been correlated with experimental advances, particularly with 
the construction and running of modern electron-scattering facilities, such as the Thomas 
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Jefferson National Accelerator Facility (JLab) and Mainz 

Understanding the structure of the Sn resonance is of prime interest in baryon physics 
as it is believed that this resonance plays a crucial role in the dynamics of chiral symmetry 
and its spontaneous breaking in the baryon spectrum. The Sn resonance has been studied 
using variou s appro aches including effective Lagrangian theory jj, 0, 0, Q, |^ and QCD sum 
rules HQ. Yet, a more unifying approach is to study this resonance using chiral 

symmetry and its spontaneous breaking and restoration. Indeed, DeTar and Kunihiro have 
suggested the "mirror assignment" of chiral symmetry where the Sn resonance, as the lowest 
lying negative parity resonance, is the chiral partner of the nucleon and transforms in an 
opposite direction compared to the nucleon [l3|. However, Jido, Nemoto, Oka, and Hosaka 
have suggested a different realization of chiral symmetry through what they label as the 



"naive assignment'' 



14L I5I ] . Improvements to these models have been suggested through the 
inclusion of nonlinear terms that preserve chiral symmetry l^J. Understanding the medium 



modifications of the Sn resonance will help us discriminate between the different models of 
chiral symmetry assignment, and in turn, this leads us to understanding the structure of 
this resonance and the prediction of its properties under chiral symmetry restoration. 

It had been thought earlier that the coherent 77 photoproduction process from nuclei may 
in fact help us to study the medium modifications of the Sn resonance Nonetheless, 
it has been shown that the Sn contribution, although dominant for the elementary process 
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7iV — > r/N, is strongly suppressed in the coherent process due to the filtering of only the 



18, 



isoscalar contribution and due to the spin-flip nature of the Sn exchange diagram 
Hence, the rj process A^^N)!! in the quasifree regime, with its strong dependence on the 
resonance contribution, provides an opportunity to understand the medium modifications 
of the Sn resonance. 

Building on a series of r\ photoproduction studies 
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24, 



25 
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23, Lee, Wright, 

Bennhold, and Tiator studied the rj quasifree process using the nonrelativistic distorted wave 
impulse approximation (DWIA) formalism j28j. In this work, we also assume the impulse 
approximation but provide a fully relativistic study in both the reactive content and the 
nuclear structure. Furthermore, we use a different and robust dynamical content for the ele- 



mentary process [6 



29. 30] 



and study this process in a different kinematic setting compared 



to the one used by Lee et al. Our article constitutes the third application of our established 

n n n 

quasifree formalism [31] after studying the kaon |32| and the electron 33] quasifree reactions. 
The goal here is to shed light on the elementary process 7iV — > rjN by furnishing a different 
physical setting from the on-shell point for studying the elementary amplitude. We also 
examine the possibility of using this process to extract medium modification effects to the 
propagation of the Su and -D13 resonances. We provide special attention in our work to 
the polarization observables, the recoil polarization of the ejected nucleon and the photon 
asymmetry, as they are very sensitive to the fine details in the reactive content and are 
effective discriminators of subtle physical effects compared to the unpolarized differential 
cross section. Moreover, the quasifree polarization observables, while very sensitive to the 
fundamental processes, are insensitive to distortion effects [3, 3, 13- Finally, by comparing 
against the polarization observables of the free process, medium effects can be discerned. 

The effects of relativity in meson quasifree processes are still not well understood. While it 
appears that the polarization observables are not sensitive to the enhanced lower component 
of the Dirac spinors in the relativistic nuclear structure models other results indicate 
important differences compared to nonrelativistic Schrodinger-based formalisms. Relativistic 
plane-wave impulse approximation (RPWIA) calculations, such as the one we present in this 
study, have identified subtle dynamics not present at the nonrelativistic level. Two notable 
examples to quote here are that relativistic effects contaminate any attempt to infer color 
transparency from a measurement of the asymmetry in the (e, e'p) reaction 3(| and the 
breakdown of the nonrelativistic factorization picture in the (e, e'p) process as a consequence 
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FIG. 1: A schematic diagram of the rj meson quasifree photoproduction within the framework of 
a plane-wave impulse-approximation approach. 



of the presence of negative-energy components in the bound-nucleon wave function [37 1. 

Although processes of rj photoproduction from nucleons and nuclei have recently enjoyed 
significant experimental attention, the current experimental work for quasifree scattering 
has thus far been limited to the measurement of the total and differential cross sections. 
This includes scattering off the deuteron jjj and 4 He 0, 13 as well as heavier nuclei j^J . 
Nonetheless what is theoretically desired are measurements of the polarization observables as 
these observables continue to show the promise of discerning the subtle dynamics in meson 
photoproduction processes. With the advent of JLab and Mainz such measurements are 
finally realizable. 

We have organized our paper as follows. In Sec. HU we discuss our relativistic plane- 
wave formalism, placing special emphasis on the use of the "bound-nucleon propagator" 
to enormously simplify the formalism. In Sec. IHIl this formalism is applied to calculate 
the unpolarized differential cross section, the recoil nucleon polarization and the photon 
asymmetry. Finally, conclusions are drawn in Sec. II VI 
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II. FORMALISM 



A. Kinematic constraints 



In the meson quasifree photoproduction A("y,r]N)B, the kinematics are constrained by 
two conditions. The first is an overall energy-momentum conservation: 

k + p A = k'+p' + p B . (1) 

Here k is the four-momentum of the incident photon, while k' and p' are the momenta of 
the produced r\ and nucleon, respectively. Pa(pb) represents the momentum of the target 
(recoil) nucleus. Since we assume the impulse approximation, as shown in Fig. Q another 
kinematical constraint emerges from the energy-momentum conservation at the 7^ — > r)N 
vertex: 

k+p = k' + p', (2) 

where p is the four-momentum of the bound nucleon, whose spatial part is known in the 
literature as the missing momentum 

Pm^p'-q; (q = k-k'). (3) 

The dependence of the cross section on the missing momentum (See Section IIII|) results in 
the interaction becoming a probe of the nucleon momentum distribution, just as in most 
semi-inclusive processes, one of which is the (e, e'p) reaction j^. 



B. Cross section and polarization observables 



Using the conventions of Bjorken and Drell j41|, the differential cross section for the 
scattering process depicted in Fig. ^ is given by 

d 5 a(s',e) \ 2tt |kf M N \p'\ ■ . a 

dk'dn k >dn p/ J l3h 2E y (2vr) 3 2£ k , (2vr) 3 1 1 ' U 

where s' is the spin of the emitted nucleon, e is the polarization of the incident photon, 
is the nucleon mass, and A4 is the scattering matrix element defined as 

\M\ 2 = |w(p',s') T(s,t) Z4, m (p) 2 . (5) 
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Note that U(p', s') is the free Dirac spinor for the knocked-out nucleoli while W Qjm (p) is the 
Fourier transform of the relativistic spinor for the bound nucleon (a stands for the collection 
of all quantum numbers of the single-particle orbital). The use of the impulse approximation 
is evident in this expression where we invoke the on-shell photoproduction operator T(s,t). 

By summing over the two spin components of the emitted nucleon and averaging over 
the transverse photon polarization in Eq. (J5J), we obtain an expression for the unpolarized 
differential cross section 

d 5 a \ 1^ / d 5 c 



l^f <ra{s',e) \ 

2^\dk'd^dQ p/ J lah ■ 1 ] 



dk'dQk'dQpi y lab 2 ydk'dn^dflp 
Nonetheless, our main interest is in the polarization observables as they are the true discrim 



inators of subtle dynamics. Hence, the recoil nucleon polarization (V) is given by 



30 



lab 



d 5 a(]) + d 5 a([) 

while the photon asymmetry (E) is provided through the expression |2i 

v / dV(±)-dV(l|) \ 

^U 5 ^)+^(ii)A ab ' 1 ) 

Here the f and j represent the projection of the spin of the nucleon with respect to the 
normal to the scattering plane (k x k'), while _L (||) represents the out-of-plane (in-plane) 
polarization of the photon. 

C. Elementary {^p — > rjN) Amplitude 

We use the canonical model-independent parameterization for the elementary process 
> — > rjN. This pa 
invariant amplitudes 



7P — > rjN. This parameterization is constructed in terms of four Lorentz- and gauge- 
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44, 45] 



T ( 7p ^ vN ) = T ( S) t) = J2 M*, t)Mi , (9) 

8=1 

where the invariant matrices have been defined as: 

M 1 = -7 5 #, (10a) 

M 2 = 2 7 5 [(e -p)(k- p') - (e ■ p')(k ■ p)\ , (10b) 

M 3 = ^[m-v)-Ke-v)l (10c) 

M 4 = 7 5 [^((fc ■ p') - #(e • p')] . (lOd) 



One must stress here that although this parameterization is conventional, it is certainly 
not unique. Many other parameterizations, which are all equivalent for on-shell spinors, 
are possible The problem is that in the quasifree process the bound nucleon is off its 
mass shell and these various parameterizations may no longer be equivalent off-shell. While 
one can use a specific model for the rj photoproduction process which fixes the off-shell 
behavior of these amplitudes, this still does not solve the problem of medium modifications 
as the driving dynamics, such as the 5*11 resonance, may change its properties in the nuclear 
medium. The problem can be addressed by modeling how the propagation in the nuclear 
medium affects the inherent dynamics. Such models, however, can be very different in 
their predictions (See Section |TJ) which makes the quasifree process an ideal candidate to 
distinguish between them. 

It is more convenient at this stage to transform the above parameterizations to a form 



that shows explicitly the Lorentz and parity structure of the amplitude as given by 

T ( 7P _> r)N) = Ffa aP + iF Pl5 + F^j alB , 

where the tensor, pseudoscalar, and axial-vector amplitudes are defined through 
I 



18, 



F P 



n 



-2i 



(e-p)(k-p')-(e-p')(k-p) A 2 (s,t) 



(e • p)k a - (k ■ p)e a A 3 (s, t) + (e ■ p')k a - {k ■ p')e a A 4 (s, t) . 



(11) 

(12a) 
(12b) 
(12c) 



While this parameterization is model independent, one still needs to determine the four 
Lorentz and gauge invariant amplitudes Ai(s,t). In principle one can just extract them ex- 
perimentally or use some other formalism that calculates these amplitudes based on effective 
Lagrangian theory or other approaches. Here we use the effective Lagrangian approach of 
Benmerrouche, Zhang, and Mukhopadhyay (BZM) 0, 13, 0]. Such an approach is more fun- 



damental and satisfies stringent theoretical 



Breit-Wigner-type parameterizations 



46, 



constraints compared to other treatments such as 
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25 



42 1 or coupled channel isobar models 
The BZM treatment is specially distinguished by the limited number of free parameters (a 
maximum of eight) compared to other models. 

The BZM aproach we adopt here, includes spin- 1/2 [5*11(1535)] and spin-3/2 [Z?i3(1520)] 
resonances as well as nucleon Born terms and vector meson exchanges (u and p). All free 
parameters in the model were determined by fitting the experimental data for p(j, rj)p Q] 
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and d(7, rj)pn j3j. The cross section is clearly dominated by the Sn resonance in this model. 
However, there are still important and necessary contributions, particularly in the angular 
distributions, from the Di 3 resonance, nucleon born terms, and vector meson exchanges. 



D. Nuclear-Structure Model 



We use in this work a relativistic mean-field approximation to the Walecka model |4j| 
for all calculations of nuclear structure. In the case of nuclei with spherically symmetric 



Dound-state spinors can be classified with 

"1 

49J. These states can be expressed in a 



(13) 



potentials such as those studied here, the Dirac 
respect to a generalized angular momentum k 
two-component representation according to 

j. , , _ i 9E K {x)y +Km {±) 

' ifEK(x)y-Km(x] 

where the spin-angular functions are defined as: 

, if k > 0; 

-1 — k , if k < 0. 

The Fourier transform of the relativistic bound-state spinor is given by 



y K m(x) = (x|/|jm > ; j 



\K\ 



1 

2 



I 



U 



EnrnX 



p)= / (ixe- ip ' x W Em (x) 



47T ( 

V 



-I) 



9e k (p) 
/ek(p)(<t-p) 



p 



where we have written the Fourier transforms of the radial wave functions as 



Jek{p) 



dx gEni^^ipx) 



IsgnKj 



dx f EK {x)3 v {px) 



(14) 



(15) 



(16a) 
(16b) 



The Riccati-Bessel function is incorporated here in terms of the spherical Bessel function 
jjz) = zjiz) j^lj. The V is the orbital angular momentum corresponding to — k as given in 
Eq. (HI). 



E. Closed-form Expression for the Photoproduction Amplitude 

Having discussed some of the basic elements of our formalism, the next step is to calculate 
the square of the photoproduction amplitude [Eq. ©]. In doing so we use the relativistic 
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plane wave impulse approximation and incorporate no distortions for the emitted nucleon 
or 77. Our rationale is that we concentrate on the polarization observables as they are 
true discriminators of the subtle dynamics. Fortunately, these observables, although very 
sensitive to the elementary amplitude dynamics, are strikin gly insensitive to distortions 



as has been suggested by several nonrelativistic studies |28|, |3J, |35(. Consequently, it is 
straightforward to evaluate the knocked-out nucleon propagator using the Casimir "trick" : 

f + M N 



( s(p') = E w (p , ' s, )w( P , , s / ) 



2M; 



N 



V 



E N (p') 



P 
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Ml 



(17) 



Gardner and Piekarewicz 



31 



have shown that a similar procedure holds even for 



bound-state spinors where the "bound-state propagator" can be cast in the form 




9l(p) -g*(p)fa(p)(j ■ P 

PV \ +g a (p)fa(p)a-p -flip) 
tt a + M a ), (a = {E,K} 



(18) 



Note that we have defined the above mass-, energy-, and momentum-like quantities as 

M « = (i) [qKp) ~ fa(p)} , (19a) 
£>'.. = i - 1 \gl(p) + flip)] , (19b) 



2g a {p)f a {p)i> 



which satisfy the "on-shell relation" 



v 2 = E 2 - p 2 = M 2 

fa a Ira a 



(19c) 



(20) 



This algebraic trick results in an enormous simplification in the formalism due to the sim- 
ilarity in structure between the free and bound propagators [Eqs. f!17|) and 1)18)1]. The 
calculation of the square of the photoproduction amplitude boils down to an evaluation of 
traces of 7-matrices. This simplification would have not been possible had we incorporated 
distortion effects for the emitted nucleon. 



In eva 
package 



uating the ensuing traces of 7 matrices, we are greatly aided by the use of FeynCalc 



51j with Mathematica. The tedious work of calculating, analytically, the tens 
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of traces of 7 matrices can be borne by the computer and eventually we arrive elegantly 
at transparent analytical results for all observables. The results can then be fed into a 
FORTRAN code to obtain the final numerical values for all observables in the problem. 



III. RESULTS AND DISCUSSION 



There are many ingredients, mostly related to the nature of the model used for the elemen- 
tary process, that go into the calculation of the observables for quasifree 77 photoproduction. 

In our treatment, the basic ingredients are the Born and vector meson terms, the Su 
and -D13 resonances, as well as the coupling constants and the choice of pseudoscalar or 
pseudovector coupling at the meson-nucleon vertex. In the subsequent sections we investi- 
gate the sensitivity of the observables to variations in the elementary amplitude, medium 
modifications to the masses of the Sn and -D13 resonances as well as to different nuclear 
targets. All calculations are done not far from threshold at an incident photon laboratory 
kinetic energy of 750 MeV. 

In Ref. [28] a nonrelativistic distorted wave model of quasifree 77 photoproduction was 
given. In the previous section we presented a fully relativistic formalism, but using the 
plane wave approximation for the nucleon and 77. While distortions are very difficult to 
incorporate in an analytical relativistic treatment such as ours, they do not appear to have 
any significance apart from quenching the cross section in such a manner that does not 
affect polarization observables. Indeed, the spin observables although very sensitive to the 
elementary amplitude dynamics, are insensitive to distortions at least as far as the rj pho- 



toproduction process is concerned [28J, |3J, |35J]. We will therefore pay special attention to 



these observables in all subsequent sections. 



A. Sensitivity to variations in the elementary amplitude 

It is clear from Eqs. (|1J) and ©-© that the unpolarized differential cross section, the 
recoil nucleon polarization and the photon asymmetry are determined by the scattering ma- 
trix element Ai. Eq. (JHJ) in turn shows that one of the primary ingredients in the calculation 
of A4 is the interaction matrix T(s,t). From Eq. Q we see that it is determined by the 
four invariant amplitudes Ai(s,t). These amplitudes contain the dynamics of the reaction. 
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n this work the effective Lagrangian model of Benmerrouche, Zhang and Mukhopadyay 
(]. 13, is used to determine the dynamics where the elementary process depends on four 
key components: (i) the nucleon Born terms, (ii) the vector mesons (u and p) exchange, 
(hi) the Sn resonance and (iv) the Di 3 resonance. The contributions from other vector 
mesons such as the or other heavier mesons are shown to be negligible as a consequence 
of several reasons including the Okubo-Zweig-Iizuka suppression, the largeness of masses, 
and the meager coupling to the photoproduction channel Q|. Furthermore, the contribu- 
tions from other resonances are insignificant primarily due to their larger masses or small 
coupling to the r]N channel in the energy regime of interest (near threshold) Q . In this sec- 
tion we investigate how each of these four components influence the measured observables. 
All results in this section were obtained for proton knockout from the lp 3//2 orbital of 12 C, 
apart from the results in Fig. 0] which refer to neutron knockout from the same orbital. All 
calculations were done for an incident photon laboratory kinetic energy, E 1 = 750 MeV, 
while the missing momentum was fixed at \p m \ = 100 MeV. This value of \p m | is near the 
peak of the momentum distribution of the bound nucleon, i.e., where the cross section is 
maximized. Except for Fig. El all calculations employed pseudoscalar coupling at the rjNN 
vertex. 

In Fig. |21 we show calculations of the unpolarized differential cross section 
(d 5 a/dk'dQkidQpi), the recoil nucleon polarization (V) and the photon asymmetry (£) for 
proton knockout from the lp 3 ^ 2 orbital of 12 C as a function of the r] meson scattering angle, 
6 V . In this figure the solid line represents the full calculation where all four components 
of the effective Lagrangian model are used in the evaluation of the invariant amplitudes 
Ai(s,t). The dashed line represents the calculation using only the Sn resonance. Fig. |21 
clearly displays that the Sn resonance gives the dominant contribution to the unpolarized 
quasifree differential cross section just as in the elementary reaction. This is in contrast to 
coherent i] photoproduction where the contribution of this resonance is strongly suppressed 
due to the filtering of the isoscalar component and the spin-flip nature of the Sn contribu- 
tion [3, [ill Hi Despite the Sn dominance of the differential cross section, the nucleon 
polarization and photon asymmetry yield only small contributions from the Sn resonance. 
This illustrates beautifully how the polarization observables are the true discriminators of 
subtle dynamics. While the differential cross section is largely blind to all but the Sn 
contribution, the polarization observables show the intricacies of the dynamics in full color. 
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In Fig. El the solid line represents the full calculation employing both the Sn and Di 3 
resonances together with the Born and vector meson terms. The dashed and long-dash 
short-dash lines represent employing only the Sn and Di 3 resonances, respectively. The 
dash-dot and dotted lines correspond to the calculation employing only the Born and vector 
meson terms, respectively. In contrast to the unpolarized differential cross section, the 
recoil nucleon polarization and the photon asymmetry are not dominated by the Sn but 
the -D13 resonance makes the largest contribution. The Sn resonance, as well as the Born 
and vector meson terms, make significant contributions to the spin observables but through 
interference terms of the large Sn amplitude and the small ones coming from the other 
background components in the 77 photoproduction process. It is easy to note that the 
full calculation is significantly reduced with respect to the Di 3 calculation for the photon 
asymmetry due to these interference effects. These effects highlights the relevance of the 
polarization observables in studying the background processes in the r\ photoproduction 
process. 

In Fig. 0] we show the polarization and asymmetry for neutron knockout. As for the case 
of proton knockout, all components of the elementary amplitude contributes significantly 
to the polarization observables specially through the interference terms which are stronger 
for the case of the neutron compared to that of the proton. Moreover, the -D13 resonance 
makes the largest contribution for these observables. The branching ratios of the Sn and -D13 
resonances are 50% and 0.1%, respectively jf|. The sensitivity of the polarization observables 
to the -D13 resonance is therefore striking in light of its small branching ratio. However, this 
sensitivity is very advantageous since the polarization observables therefore provide a unique 
opportunity to study the properties of this spin 3/2 resonance such as its off-shell effects 
which are believed to be very important Note that in both Figs. H3 and 0] the calculation 
employing only the vector meson exchange, results in the polarization being identically zero, 
hence no dotted line appears in either of these two figures for the polarization. The reason for 
this is that the "potential" resulting from only vector meson exchange is spin independent. 

With respect to the Born terms, there are two uncertainties concerning the r]NN vertex: 
(i) the magnitude of the coupling constant and (ii) the type of coupling, i.e., pseudoscalar 
(PS) or pseudovector (PV) coupling. While for the itNN vertex there are convincing reasons, 



in terms of the low energy theorem and the approximate chira 
SU(2) group, to oblige us to favor the PV over the PS coupling 



symmetry of the SU(2) x 
such considerations 
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are not necessarily valid for the r]NN vertex as a consequence of the 
and the significant breaking of the chiral SU(3) x SU(3) group (54 
shown that an acceptable range for the r/NN coupling constant (g v ) is: 



argeness of the n mass 
W. In Ref. y it is 



0.2 < g v < 6.2. (21) 

In Fig. El we show calculations of the recoil nucleon polarization and the photon asymme- 
try for pseudoscalar and pseudovector coupling when the value of g v is varied in the range 
specified in Eq. (|21j). The graphs on the left- hand- side (right-hand-side) are for PS (PV) 
coupling at the rjNN vertex. The values of the coupling constant chosen in the range 
specified above are shown on the graph of the polarization for pseudovector coupling. For 
the case of pseudoscalar (pseudovector) coupling, the polarization (asymmetry) is largely 
insensitive to variations in the value of g n . When pseudovector coupling is employed, the 
polarization displays significant variations over the entire angular range. In fact, it sys- 
tematically decreases with an increase in the value of g v . Note that the asymmetry with 
pseudoscalar coupling has exactly the opposite behavior in that it decreases with a decrease 
in the value of g v . In general the pseudovector coupling decreases the polarization for a 
fixed value of g v . This decrease is more drastic the larger the value of g v as can be seen by 
comparing the dotted line for the polarization for pseudoscalar and pseudovector coupling. 
The pseudovector coupling also tends to decrease the value of the photon asymmetry. The 
nonrelativistic analysis of Ref. 3| seems to indicate that the data favors a pseudoscalar 
coupling at the r]NN vertex. This is in contrast to the analysis of the elementary process in 
Ref. |f| where no conclusive evidence could be found for either type of coupling. However, 
caution must be exercised when comparing the two analyses, since the underlying dynamics 
are very different. Our results indicate that the magnitude of g v also plays a role in inves- 
tigating this ambiguity. To emphasize: the polarization is sensitive to the difference in the 
type of coupling when g v is of the order of 3.0, 5.0 or 6.2. 



B. Sensitivity to medium modifications of the resonance masses 

In this section we investigate the sensitivity of the nucleon polarization and photon asym- 
metry to medium modifications of the masses of the Su and Di 3 resonances. Since in the 
quasifree process the resonances propagate in the nuclear medium as opposed to free space, 
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one would expect changes to their physical properties such as effective masses. Now we 
examine the sensitivity of our observables to any possible medium modifications to these 
masses. 

We consider proton knockout from the lp 3 / 2 orbital of 12 C with an incident photon energy 
of Ky = 750 MeV and a missing momentum of \p m \ = 100 MeV. For this calculation we 
used the Born and vector meson terms together with both resonances. In Fig. the solid 
line corresponds to the free mass values, the dashed line a decrease of 3% and the long-dash 
short-dash line an increase of 3% in the masses of the Sn and Di 3 resonances. The graphs 
on the left-hand-side of Fig. El show the sensitivity of the polarization and the asymmetry 
to a change in the mass of the Sn resonance, whilst keeping the mass of the Di 3 resonance 
fixed. For the graphs on the right-hand-side, only the mass of the -D 13 resonance was varied. 

The nucleon polarization shows little sensitivity over the entire angular range when only 
the mass of the Sn resonance is varied. The polarization is not sensitive to a decrease in the 
mass of the D13 resonance. An increase in the mass of -D13 leads to a significant reduction 
relative to the free mass calculation for the polarization. The photon asymmetry does exhibit 
some sensitivity to a change in the mass of Sn. This observable is more sensitive to variations 

2811 that 



in the mass of -D13, in particular an increase. This confirms the findings of Ref. 
the photon asymmetry is a very useful observable to look for medium modifications for the 
resonances. Our results now indicate that in addition, the polarization is also sensitive to 
medium modifications to the mass of the D13 resonance. 

C. Sensitivity to the nuclear target 

In Fig. [7| we show results for the nucleon polarization and the photon asymmetry as 
a function of 8 V for a variety of nuclear targets. We considered valence proton knockout 
from the ls 1/2 orbital of 4 He, the lp 3/2 orbital of 12 C, the Ip 1 / 2 orbital of 16 0, the ld 3/2 
orbital of 40 Ca and the 3s 1//2 orbital of 208 Pb. The incident photon energy was taken to be 
E 7 = 750 MeV and the missing momentum \p m | = 100 MeV. The calculations employed 
the Born and vector meson terms together with both the Sn and Di 3 resonances, as well 
as pseudoscalar coupling. The calculations clearly indicate that the nucleon polarization is 



practically target independent. This finding is in agreement with that of Ref. 



(although 



for the kaon quasifree process). In the relativistic case the photon asymmetry does indeed 
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exhibit some dependence on the nuclear target although the sensitivity is rather small. The 
calculation for 12 C and 4 He coincide, while the photon asymmetry for 16 0, 40 Ca and 208 Pb 
are practically indistinguishable. The apparent independence of the polarization observables 
to nuclear target effects appears to be a feature shared by various meson photoproduction 
processes (32 1. 



D. Unpolarized differential cross section as a measure of the momentum distribu- 
tion of the wavefunction 



The momentum distribution of the bound nucleon is customarily measured by doing 
electron scattering 33]. In this section we illustrate the remarkable similarity between the 
cross section and the momentum distribution of the bound nucleon for r) photoproduction. 
In Fig. |H] we show the unpolarized cross section (solid line) as a function of the missing 
momentum for proton knockout from the lp 3//2 orbital of 12 C. The incident photon energy 
was taken to be E 1 = 750 MeV and the momentum transfer is fixed at \q \ = 400 MeV. For 
this calculation we have used the Born and vector meson terms together with both the Sn 
and -D13 resonances. The dashed line represents the parameter E a (up to an arbitrary scale) 
which is proportional to the momentum distribution of the bound proton wavefunction 
(see Eq. I19b|) . The similarity between the momentum distribution of the bound proton 
wavefunction and the cross section is undeniable. Beyond 300 MeV the cross section quickly 
tends to zero. A similar result was obtained in Ref. 32] for kaon photoproduction. 



IV. CONCLUSIONS 



In this paper we have studied quasifree r] photoproduction via the calculation of the 
differential cross section, the recoil nucleon polarization and the photon asymmetry using 
a relativistic plane wave impulse approximation formalism. The emphasis was on the po- 
larization observables since they are very sensitive to the underlying dynamics but largely 
insensitive to distortion and nuclear target effects. The use of a plane wave formalism greatly 
simplifies the calculation of the transition matrix element. Gardner and Piekarewicz showed 
in Ref. j3| that by introducing a bound-state propagator one can still write | M. | 2 in terms of 
traces over Dirac matrices. This not only allows one to use Feynman's trace techniques even 
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for quasifree scattering, but additionally results in analytical expressions for the spin observ- 
ables. The boundstate wavefunction of the bound nucleon was calculated within a relativistic 
mean-field approximation to the Walecka model. For the elementary process we used the 
effective Lagrangian approach of Benmerrouche, Zhang, and Mukhopadhyay jfi, 29, 3pl |. 

We investigated the sensitivity of the various observables to the elementary amplitude, 
medium modifications to the masses of the Sn and D13 resonances as well as nuclear target 
effects. Our results indicate that the nucleon polarization is practically target independent, 
whereas the asymmetry exhibits some small sensitivity. The polarization observables are 
very sensitive to the elementary amplitude. We find that, in contrast to coherent 77 photo- 
production, the Sn resonance completely dominates the unpolarized cross section. However, 
the two spin observables are dominated by the background processes in the elementary am- 
plitude and specially sensitive to the -D13 resonance contribution. As a consequence, the 
polarization and asymmetry are considerably sensitive to variations in the mass of the -D 13 
resonance. Indeed, a variation in the mass of this resonance leads to significant effects in 
be polarization and asymmetry. This finding agrees with the nonrelativistic analysis of Ref . 

. The polarization and asymmetry are useful tools to study the two ambiguities at the 
rjNN vertex. The sensitivity of these observables to the magnitude of the coupling constant 
depends to a large extent on the type of coupling. The polarization (asymmetry) is insen- 
sitive to the magnitude of the coupling constant for pseudoscalar (pseudovector) coupling. 
However, the polarization (asymmetry) does indeed exhibit a sensitivity to the magnitude 
of the coupling constant for pseudovector (pseudoscalar) coupling. 

The 77 photoproduction process shares many features with kaon photoproduction when 
viewed within a relativistic framework. There are several differences when compared to 
the findings of the nonrelativistic calculations for 77 photoproduction. A stark similarity, 
however, is that both formalism identify the polarization observables as the prime candidates 
to investigate medium modifications of the background processes such as the D13 resonance. 
Meanwhile, as a consequence of the large dominance in the differential cross section of the 
Sn resonance, the quasifree differential cross section provides an excellent tool to study 
medium modifications to the Sn resonance in order to distinquish between various models 
that attempt to understand the Sn resonance and its unique position as the lowest lying 
negative parity state in the baryon spectrum. The basic message of this article is now clear: 
to probe medium modifications to the Sn resonance, measure the differential cross section, 
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to study the background processes and their medium modifications, measure the polarization 
observables. 
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FIG. 2: Unpolarized differential cross section (d 5 a/dk'dfik'd^p'), recoil nucleon polarization (V) 
and photon asymmetry (£) as a function of the r\ meson scattering angle 6 V for proton knockout 
from the lp 3 / 2 orbital of 12 C. The solid line represents the calculation using the Born and vector 
meson terms together with both the Sn and D\z resonances. The dashed line represents the 
calculations employing only the Sn resonance. The incident photon laboratory kinetic energy is 
E 1 = 750 MeV and the missing momentum is fixed at \p m \ = 100 MeV. 
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FIG. 3: The recoil nucleon polarization (V) and the photon asymmetry (£) as a function of the r\ 
meson scattering angle (6^) for proton knockout from the lp 3 / 2 orbital of 12 C. The incident photon 
energy is = 750 MeV and the missing momentum is fixed at \p m \ = 100 MeV. The solid line 
represents the full calculation employing both the S\\ and D\% resonances together with the Born 
and vector meson terms. The dashed and long-dash short-dash lines represent employing only the 
Su and .D13 resonances, respectively. The dash-dot and dotted lines correspond to the calculation 
employing only the Born terms and vector meson terms, respectively. 
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FIG. 4: The recoil nucleoli polarization (V) and the photon asymmetry (£) as a function of the 
i] meson scattering angle {9, n ) for neutron knockout from the lp 3 / 2 orbital of 12 C. The incident 
photon energy is E 1 = 750 MeV and the missing momentum is fixed at \p m \ = 100 MeV. The 
solid line represents the full calculation employing both the Su and D13 resonances together with 
the Born and vector meson terms. The dashed and long-dash short-dash lines represent employing 
only the Sn and D13 resonances, respectively. The dash-dot and dotted lines correspond to the 
calculation employing only the Born terms and vector meson terms, respectively. 
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FIG. 5: Variation of the recoil nucleon polarization (V) and the photon asymmetry (£) with 
respect to a change in the value of the r\ meson coupling constant (g v ) where 0.2 < g v < 6.2. 
The graphs on the left-hand-side (right-hand-side) are for PS (PV) coupling at the r]NN vertex. 
The values of the coupling constant chosen in the range specified above are shown on the graph of 
the polarization for pseudovector coupling. The calculations shown are for proton knockout from 
the lp 3 / 2 orbital of 12 C for an incident photon energy of 750 MeV and fixed missing momentum, 
\p m \ = 100 MeV. The calculation employed both the Su and D13 resonances together with the 
Born and vector meson terms. 
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FIG. 6: Effect on the unpolarized differential cross section (d 5 a/dk'dQk>dQ p i), recoil nucleon 
polarization (V) and photon asymmetry (E) when the masses of the D13 and Su resonances are 
increased (long-dash short-dash line) or decreased (dashed line) by 3%. The solid line corresponds 
to the free mass value for the two resonances. The results shown are for proton knockout from the 
lp3/2 orbital of 12 C employing both resonances together with the Born and vector meson terms. 



The incident photon energy is E 1 = 750 MeV and the missing momentum is fixed at \p r , 



100 



MeV. The graphs on the left-hand-side correspond to a variation in the mass of the Su resonance, 
whilst keeping the mass of the D13 resonance fixed. The graphs on the right-hand-side correspond 
to a variation in only the mass of the D13 resonance. 
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FIG. 7: Recoil nucleoli polarization (V) and photon asymmetry (£) for a variety of nuclear targets 
as a function of 9 V . The results shown are for the knockout of valence protons from the particular 
nucleus and employed both the Su and D13 resonances together with the Born and vector meson 
terms. The incident photon energy is E 1 = 750 MeV and the missing momentum is \p m \ = 100 
MeV. The curves corresponding to a particular group of nuclei are shown on the graph of the 
asymmetry. 
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FIG. 8: The unpolarized differential cross section (solid line) as a function of the missing momen- 
tum for proton knockout from the lp 3//2 orbital of 12 C. The incident photon energy is = 750 
MeV and the momentum transfer is fixed at \q\ = 400 MeV. The dashed lined represents the 
parameter E a (up to an arbitrary scale) which is proportional to the momentum distribution of 
the bound proton wavefunction. 
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